To map the DNA-binding domain of polyomavirus large T antigen, we constructed a set of plasmids coding for unidirectional carboxy-or amino-terminal deletion mutations in the large T antigen. Analysis of origin-specific DNA binding by mutant proteins expressed in Cos-1 cells revealed that the C-terminal boundary of the DNA-binding domain is at or near Glu-398. Fusion proteins of large T antigen lacking the first 200 N-terminal amino acids bound specifically to polyomavirus origin DNA; however, deletions beyond this site resulted in unstable proteins which could not be tested for DNA binding. Testing of point mutants and internal deletions by others suggested that the N-terminal boundary of the DNA-binding domain lies between amino acids 282 and 286. Taken together, these results locate the DNA-binding domain of polyomavirus large T antigen to the 116-amino-acid region between residues 282 and 398.
Polyomavirus large T antigen is required for the initiation of viral DNA replication and the regulation of early mRNA synthesis (5, 15) . These functions of large T antigen are thought to require direct binding of the protein to sequences within the noncoding regulatory region of the viral genome (7, 10, 13) . Polyomavirus large T antigen binds to three high-affinity binding sites, designated A, B, and C, which are intermingled with elements that control early transcription, and to three weaker binding sites, designated 1, 2, and 3, located within the core origin for DNA replication. Each binding site is characterized by the presence of two to four copies of the pentanucleotide sequence 5'-G(A/G)GGC-3' (7, 8, 30) .
We are particularly interested in defining the functional domains of polyomavirus large T antigen important for DNA replication and transcriptional control and in comparing these to domains found in other papovavirus large T antigens. Despite a wealth of information regarding the many domains of the large T antigen of simian virus 40 (SV40) (12) , those of other members of the papovavirus family are poorly characterized. This information could lend insight into the evolution of papovaviruses and might help in understanding the species specificity of the DNA replication activity of large T antigen (3).
Here we report the construction and characterization of amino-terminal and carboxy-terminal deletion mutants of polyomavirus large T antigen. To define the specific DNAbinding domain of this protein, we expressed truncated large-T-antigen proteins transiently in Cos-1 cells (17) and measured specific DNA-binding activity in nuclear extracts by an immunoprecipitation assay (24, 25) .
Construction of deletion mutants of large T antigen. We used the expression vector pPyLT (24) (Fig. 1A) , in which a cDNA fragment coding for large T antigen (nucleotides [nt] 153 to 2962) was cloned as an XhoI-BamHI fragment. Synthesis of large-T-antigen mRNA is driven by the adenovirus major late promoter, and transcripts initiated from this promoter include the adenovirus major late tripartite leader sequence. Immediately downstream of the large-T-antigen * Corresponding author. coding region are the polyadenylation signals of both polyomavirus and SV40. The vector also contains the SV40 origin of DNA replication to allow template amplification after transfection of Cos-1 cells.
A schematic representation of the steps involved in generating large-T-antigen peptides truncated at the C terminus is shown in Fig. 1B . The plasmid pPyLT was linearized by digestion with BamHI. The 3' recessed ends were filled in with alpha-phosphorothioate deoxynucleosides at a final concentration of 0.04 mM by using Klenow DNA polymerase. This step prevents subsequent digestion of the blocked end of the plasmid by exonuclease III (19) . The plasmid was then digested with XbaI to generate a DNA fragment containing the large-T-antigen coding region up to the XbaI site at nt 2479 (amino acid 641 of large T antigen); nucleotide numbers are assigned as for the A2 strain of polyomavirus (34) . This DNA (0.2 ,g/4l) was then digested with exonuclease III (10 U/p.l) at 37°C. Aliquots were removed at 30-s intervals to tubes containing S1 nuclease (0.2 U/Rl), 0.4 M potassium acetate (pH 4.6), 0.3 M NaCl, and 1.4 mM zinc sulfate and incubated at 25°C for 30 min. After inactivation of the S1 nuclease (70°C for 10 min), the Klenow fragment of DNA polymerase and all four deoxynucleoside triphosphates were added to flush DNA ends. A 48-mer oligonucleotide (stop linker) containing translational stop codons in all three reading frames (Fig. 1C) , flanking a sequence encoding the lac repressor binding site (2) , was ligated to the truncated cDNA. This was to ensure production of proteins containing two or fewer foreign amino acids beyond the deletion end point at their C termini. The ligation mixtures were used to transform competent Escherichia coli DH5, which was plated on minimal agar medium containing X-Gal (5-bromo-4-chloro-3-indolyl-,-D-galactopyranoside) (0.04 mg/ml) and IPTG (isopropyl-p-D-thiogalactopyranoside) ( required reintroduction of an in-frame AUG translational initiation codon upstream of the truncated coding region. This was achieved by ligating a synthetic DNA fragment (start linker) containing an ATG in the optimal context (22) to exonuclease III-digested blunt-ended DNAs. We also introduced in the start linker a sequence coding for an antigenic determinant of the influenza virus hemagglutinin (HA) protein (14) , immediately downstream of the translational initiation codon. This allowed us to immunoprecipitate the resulting HA-large-T-antigen-fragment fusion proteins with an anti-HA antibody. The strategy used for the construction of amino-terminal deletion mutants of large T antigen was similar to that described for carboxy-terminal deletion mutants. The plasmid pPyLT was digested with XhoI to linearize the DNA at the N terminus of the large-Tantigen coding region. Exonuclease III digestion, Si nuclease treatment, and blunt ending were carried out as described above. The DNA was then cleaved with BamHI to release fragments containing the large-T-antigen coding region with deletions at its N-terminal end. These fragments were isolated from an agarose gel and ligated to the vector pPyLT, which had been previously cleaved with XhoI and BamHI. Ligation was carried out in the presence of a chemically synthesized nonphosphorylated double-stranded start linker (one strand: 5'-TCGAGATGTACCCATACGA TGTTCCAGATTACGCTAGCTTGGGTGGTCCT-3'; complementary strand: 3'-_CTACATGGGTATGCTACAAGGT CTAATGCGATCGAACCCACCAGGA-5'), which has at one end an XhoI recognition site (underlined) followed by the start codon for translation (ATG), followed by a DNA sequence encoding a 14-amino-acid peptide of the influenza virus HA epitope (14) , and at the other end is blunt ended. This three-part ligation was done at a molar ratio of vector: fragment:linker of 1:5:50. The ligation mix was used to transform competent E. coli DH5. Recombinant plasmids were screened for the size of deletions by digestion with BamHI and XhoI. Those of interest were sequenced and plasmids which generate in-frame HA-large T-antigen fusion peptides were chosen.
Expression of large T antigens containing C-terminal deletions. Plasmid DNAs encoding large T antigen harboring deletions at the C terminus were analyzed for their ability to express large-T-antigen fragments after transfection into Cos-1 cells as described previously (3) by labeling total cellular proteins with [35S]methionine as previously described (24) . Proteins in Cos-1 cell extracts were immunoprecipitated with either the monoclonal antibody LT1 (Oncogene Science) or a polyclonal antiserum (obtained from ascites fluid of brown Norwegian rats bearing tumors induced by polyomavirus-transformed rat cells). Typical results are shown in Fig. 2A . In addition to large-T-antigen fragments, a cellular protein of approximately 35 kDa was regularly precipitated by the polyclonal antiserum. Different amounts of both large-T-antigen fragments and the cellular protein were found in different extracts; these variations may be due to different efficiency of labeling or extraction of proteins. We have not attempted to quantitate levels of large-T-antigen fragments made by each C-terminal mutant. However, all the C-terminal mutants expressed a unique species of large T antigen corresponding in size to that expected from the sequenced end points of the deletions. SV40 large T antigen, which is also present in Cos-1 cells, was not recognized by antibodies directed against polyomavirus large T antigen ( Fig. 2A, untransfected cell extract) .
Specific DNA binding by large-T-antigen fragments containing C-terminal deletions. The sequence-specific DNAbinding activity of the carboxy-terminal truncated large T antigens was examined by a modified McKay immunoprecipitation assay (24, 25) . Nuclear lysates of transfected Cos-1 cells were mixed with a 32P-end-labeled Hinfl digest of the plasmid pPHI-8 (29) . This Hinfl digest contains 20 fragments, one of which, 604 bp in length, contains the region of polyomavirus DNA (nt 5073 to 5296 and 1 to 385) to which large T antigen binds. Large T-antigen-DNA complexes were immunoprecipitated, and bound DNA was released from the large-T-antigen-antibody complex and fractionated on an agarose gel (Fig. 2B) . Specific binding by large T antigen selectively precipitates the 604-bp fragment from the mixture. Large-T-antigen fragments with C termini up to amino acid 398 were capable of specific binding to target DNA (Fig. 2B, lanes 2 to 6) . However, the deletion of 14 additional amino acids from the carboxy terminus of large T antigen (C384) resulted in a protein which was unable to bind to the origin fragment (lane 7). These results locate the carboxy terminus of the DNA-binding domain between amino acids 384 and 398. This domain lies upstream of a putative metal-binding region (zinc finger) in polyomavirus large T antigen (amino acids 452 to 472) (21) . Although a point mutation within the zinc finger was shown to abolish DNA-binding activity (4), our results demonstrate that it does not contribute directly to the specific DNA-binding activity of large T antigen.
It has been shown that SV40 and polyomavirus large T antigen recognize and bind to similar sequence motifs in DNA (29, 32) . Therefore, it was important to ensure that all DNA-binding studies were conducted in DNA excess, so that SV40 large T antigen present in Cos-1 cell extracts would not compete with polyomavirus large T antigen for DNA binding. We observed that the unbound fraction of DNA remaining in the supernatant after precipitation of the immune complexes contained greater than 90% of the origincontaining fragment (not shown). Also, DNA-binding assays using antibodies directed against SV40 large T antigen resulted in only a small portion of the input polyomavirus origin-containing DNA fragment being bound (not shown).
Expression of large T antigens containing N-terminal deletions. HA-large-T-antigen fusion proteins lacking up to the first 175 amino acids of large T antigen (N175) were recognized by the monoclonal antibody LT1 and a rat polyclonal antiserum, both specific to polyomavirus large T antigen, as well as by the anti-HA monoclonal antibody 12CA5 (Fig. 3A,  lanes 4 to 9) . Mutants N188 and N189 produced proteins which were immunoprecipitated by the polyclonal antiserum and anti-HA but not by the monoclonal antibody LT1 (lanes 10 to 15). These mutants therefore lack the antigenic determinant recognized by the monoclonal antibody LT1 (11) .
Larger deletions at the N terminus of large T antigen resulted in the progressive inability to detect these proteins by immunoprecipitation of extracts from [35S]methionine-labeled Cos-1 cells. Although a small amount of N201 was immunoprecipitated by anti-HA antibody 12CA5 and by the polyclonal antiserum (Fig. 3A, lanes 17 and 18) The domain responsible for SV40 large-T-antigen origin DNA binding has been localized to a 114-residue region between amino acids 132 and 246 (1, 28, 33, 35) . When polyomavirus and SV40 large T antigens are aligned to maximize sequence similarity, Val-132 of SV40 is aligned with Asp-286 of polyomavirus and Glu-246 of SV40 is aligned with Glu-398 of polyomavirus (16, 18) . These two regions share 45% direct amino acid sequence identity. Conservation within the DNA-binding domain would be expected because both proteins recognize similar pentanucleotide sequences in DNA targets (8, 9, 20, 30) and each protein binds to the high-affinity binding sites on the DNA of the other virus (29, 32) . Knowledge of the amino acids that make up the DNA-binding domains of both species of large T antigen should aid efforts to map more precisely those amino acids whose side chains contact DNA directly (33) .
The mechanism by which large T antigen recognizes and binds to its target sites on DNA is not known. Little or no similarity exists between the DNA-binding domain of polyomavirus or SV40 large T antigen and that of other DNAbinding proteins (33) . Presumably, large-T-antigen monomers recognize each pentanucleotide, and the strength of binding is influenced by protein-protein interactions between T-antigen molecules (8, 9, 27) . ATP and other nucleotides increase the affinity of polyomavirus large T antigen for its target DNA (23) ; ATP may affect binding by altering these protein-protein interactions. If such cooperative interactions do take place, it will be of interest to determine the region of polyomavirus large T antigen involved by analyzing mutants such as those described here.
